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I. INTRODUCTION 

This investigation addressed the exploratory development of novel Electrochemical 
Machining (ECM) technology for the shaping of titanium alloy components used in Navy 
aircraft gas turbine engines. Emphasis in this program was on the processing of respective 
materials Ti, Ti3Al, Ti 6242 (86% Ti, 6% Al, 2% Mo, 4% Zr, and 2% Sn) and Ti 6-4 (90%Ti, 
6%A1 and 4%V). The overall approach relied upon application of heterogeneous aqueous 
electrolytes as a strategy for enhancing both the rate and precision of ECM technologies for 
the subject application, while simultaneously lowering electrical energy power requirements 
for this process. It was anticipated that the presence of rationally selected electronically 
conducting particles suspended within the aqueous electrolyte would lead to lowering i) the 
incidence of interelectrode sparking, ii) Joule heating, iii) cathode polarization, while iv) 
enhancing dimension control for the titanium alloy anode workpiece being subjected to ECM. 
Electronically conducting particles incorporated within aqueous electrolytes evaluated in this 
program included, partially graphitized carbon (XC72R, Cabot Corporation), manganese 
dioxide (MnO^, titanium, and silver. The utility of ionically conducting particles of sodium 
zeolite-Y within the aqueous electrolyte, was also evaluated for enhancing ECM. While 
emphasis during Phase I program was on applying this approach to aqueous electrolytes, 
experimental evidence supported that this general approach would also be applicable to non- 
aqueous electrolytes including molten salts. 

The employment of ECM15 in the manufacture of high performance aircraft engine 
components has arisen because of the need to identify effective machining techniques for 
material removal, shaping, and finishing of hard, tough, energy absorbing components 
encountered in such applications. The need for rapid processing of titanium alloys into 
turbine blades with airfoils possessing curved surfaces gives rise to the need for 
complementary technologies which require only a minimum in translational motion to achieve 
the desired geometry while simultaneously allowing for rapid material removal, adequate 
dimensional control, and achieving a high quality surface finish. In comparison conventional 
machining methods, which require direct mechanical contact between the tool and workpiece 
to facilitate boring, milling, grinding, and deburring, have proven very difficult to effectively 
apply for the processing of such materials. Furthermore bulk material properties of 
components can become adversely affected as a consequence of physical stresses associated 
with conventional mechanical machining techniques. 

In contrast, ECM technology permits rapid metal removal to be achieved with 
drastically reduced tool (cathode) wear, thereby allowing high dimensional control to be 
maintained for extended times together with facilitating high quality surface finishes. Both 
material removal and surface finish processing steps can also be achieved using a single ECM 
feed. 

The anticipated employment of advanced materials typified by intermetallics (iron, 
nickel, and titanium aluminides), superalloys, and ceramics such as silicon carbide and 
silicon nitride6 in high performance aircraft engines places additional burden upon machining 
technologies because of their even greater refractoriness than titanium alloys investigated in 
this program. Materials used in gas turbine units are typically more difficult to ECM 
because of their susceptibility towards formation of passive oxide films during anodic 

ELTRON RESEARCH INC. 



material removal. Such films are not always uniformly removed from the metal substrate 
during conventional ECM. This can result in stray pitting and loss of acceptable workpiece 
dimensional control. Material removal during conventional ECM can exhibit poor current 
efficiencies unless the process proceeds in aggressive aqueous halide electrolytes. Fluoride and 
chloride based aqueous electrolytes can however lead to wild cutting (i.e. stray electrolysis 
and poor control of workpiece dimensions), yet it is this ability of such media to dissolve 
passive oxide films that make them particularly useful for this technology application. 

Prior to the inception of work at Eltron ECM was a process which proceeded with 
very high ohmic losses, as a consequence of low ionic conductivity by the liquid electrolyte. 
This can result in: 1) the region between the anode workpiece and cathode dissipating a 
significant fraction of electrical energy as heat and consequently requiring rapid electrolyte 
flow to achieve thermal management and 2) the presence of non-uniform electrolyte heating 
resulting in nonuniform current density, as a consequence of differences in ionic conductivity 
within the interelectrode spacing between the workpiece (anode) and cathode. This can, for 
example, lead to a tapering of holes drilled by ECM and thereby compromise achievable 
geometric tolerances. 

Such ECM performance restrictions discussed above were addressed in this program 
by the incorporation of electronically conducting particulate dispersions within the aqueous 
electrolyte. This served to effectively extend the cathode, via the resulting heterogeneous 
electrolyte, into close proximity to the anode workpiece7'8 thereby facilitating both improved 
dimensional control and a lower operating voltage. 

The employment of particulate dispersions in ECM was suggested as a strategy by the 
recognition that the occurrence of a percolation threshold in systems incorporating 
electronically conducting particles may also give rise to oscillatory shorting between anode 
and cathode, thereby reducing heating problems. Also, at the typical high current densities 
associated with ECM, sparking was anticipated to be eliminated by the very substantial 
decrease in effective dielectric constant of the heterogeneous electrolyte between the cathode 
and anode workpiece. A schematic of phenomena occurring in the subject heterogeneous 
electrolytes leading to titanium anode workpiece dissolution is shown in Figure 1. 

The application of heterogeneous aqueous electrolytes for promoting the ECM of 
titanium and titanium alloys employed in air breathing gas turbines was expected, at the 
inception of this program, to facilitate several favorable effects upon overall ECM 
performance. These may be summarized as follows: 

1. At the critical concentration (i.e. where a transition between particles in an 
electrically noninteracting state to a state in which particles interact with each other 
to the point of very briefly shorting), stochastic or random shorting can result in 
minimizing catastrophic sparking. 

2. Dispersed particles in flowing heterogeneous electrolytes can interact with the anode 
workpiece surface thereby locally modifying both chemical and physical properties to 
improve titanium alloy surface finish, preventing passive film formation, and in 
addition blocking surfaces external to that being subjected to ECM. 
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Figure 1. Schematic of empirical processes occurring during the electrochemical 
machining of titanium alloys when using dispersions of electronically 
conducting particles in ionically conducting aqueous electrolyte. 

3. The presence of electronically conducting particles in sufficient concentrations can 
result in electrorheological effects which give rise to more well defined ionic migration 
and diffusion paths, thereby favorably influencing ECM rates and overall precision. 
The particles can also result in a predominance of electronic conductivity outside the 
cathode profile resulting in improved dimensional control. 

4. At the critical concentration, the occurrence of enhanced order in the heterogeneous 
electrolyte can result in more uniform material removal from the workpiece region 
of interest as a consequence of medium ordering and better constraint of ionic 
conduction paths, thereby giving improved ECM dimensional control. 

5. Enhanced material removal from a titanium alloy workpiece under flowing 
heterogeneous electrolyte conditions can result from several effects including i) the 
mechanical impact of particles with the titanium alloy workpiece surface, thereby 
facilitating reaction product removal - this in turn can increase titanium dissolution 
kinetics compared to that for competitive (oxygen evolution) reactions, ii) sorption of 
metal hydroxides, hydrous oxides, and metal oxides, originating from titanium 
oxidation on particles dispersed in the heterogeneous electrolyte, can also result in 
enhancing removal of reaction products from the anode workpiece, and iii) chemical 
interaction between particles and anode surface can result in the formation of 
chemical bonds between particles and titanium alloy anode surfaces which can weaken 
bonds sufficiently to facilitate improved material removal rates. 

6. By effectively increasing the cathode surface area the localized rate for parasitic gas 
(hydrogen) evolution would be expected to decrease for a given geometric current 
density because of a lower effective operating overpotential, thereby contributing to 
improved dimensional control for the titanium alloy being subjected to ECM. 
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7. The subject heterogeneous electrolytes' lower interelectrode resistance, reduce the 
amount of Joule heating at the workpiece, thereby contributing to improved ECM 
dimensional control. 

8.      The localized concentration of dispersed particles at the titanium alloy workpiece 
.   surface subjected to ECM would be expected strongly dependent on heterogeneous 

electrolyte flow velocity which in turn influences the ability to both physically and 
chemically remove reaction products from this region. 

Other than work being performed at Eltron there is no previous evidence of 
heterogeneous electrolytes being used to enhance the performance of titanium alloy ECM. 
Previous investigations have however used cathodes incorporating attached abrasive particles9 

for mechanically removing passivating films from the metal workpiece surface by physically 
moving the cathode over this region. The utility of increasing the effective cathode area with 
porous materials has also been discussed10 and resulted, as one would expect, in lower 
operating overpotentials. 

The use of particulate dispersions in electrochemistry has been described 
previously,11"14 but has not been applied to ECM. The use of carbon pastes, a particulate 
dispersion in hydrocarbons, has been described for the analysis of solid minerals.15"18 

However, ECM with such heterogeneous dispersions has not been reported prior to the 
inception of investigations at Eltron. 

As will become evident in this Final Report the application of electronically conductive 
particles incorporated into aqueous electrolytes was shown effective for enhancing the ECM 
of titanium alloys of relevance to the manufacture of air breathing gas turbine engines for 
Navy aircraft propulsion. 

II.  PHASE I TECHNICAL OBJECTIVES 

This program addressed applying heterogeneous aqueous electrolytes towards 
improving the ECM of titanium alloys employed as high temperature surfaces in Navy 
aircraft gas turbine engines. Experimental technical objectives were met by the introduction 
of dispersed suspended conductive microparticles in aqueous electrolytes of respectively 
NaCl, NaBr, NaBr/NaN03 mixtures, and NaN03, for application in the ECM process. As 
will become evident the general approach resulted in significantly improving ECM 
performance for shaping titanium alloy components for the subject application compared to 
conventional aqueous electrolytes. This was a consequence of the heterogeneous electrolytes 
favorably influencing localized chemical, electrochemical, and transport phenomena at the 
titanium alloy workpiece during ECM. 

The above overall program goal was met by addressing the following specific 
objectives: 

• Preparing Ti, Ti3Al, Ti 6242, and Ti 6-4 coupons for ECM, by cutting, and grinding, 
followed by subsequent metallographic polishing. 

• Conducting preliminary investigations into the electrochemical susceptibility of anode 
substrates (Ti, Ti3Al, Ti 6242, and Ti 6-4) to dissolution in the subject aqueous 
electrolytes both in the presence and absence (as a control) of heterogeneous 
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dispersions in an electrochemical half-cell. 

• Fabricating an ECM experimental assembly incorporating a translational table to 
facilitate the desired orientation of cathode relative to the titanium alloy anode 
workpiece. 

• Performing the ECM of holes in appropriately prepared titanium alloy coupons in 
the aqueous electrolytes NaCl, NaBr, NaBr/NaN03 mixtures, and NaN03 as a 
function of applied current density and voltage, anode-cathode gap, electrolyte 
composition both with and without a particles, and electrolyte flow rate. 

• Performing a two level Plackett-Burman experimental design towards selecting 
preferred parameters and experimental conditions for achieving high rate precision 
ECM. 

• Microscopically examine ECM cuts on titanium alloys to verify geometric tolerances 
and that desired morphological features were achieved. 

• Fabricating an ECM experimental assembly based on a precision lathe to facilitate 
appropriate translations and rotations of tool and workpiece incorporating technology 
identified during this program. 

• Electrochemically machining holes in titanium alloy coupons using preferred 
heterogeneous aqueous electrolyte compositions and experimental conditions as a 
function of particle concentration and type using the above ECM lathe. 

Successful completion of this Phase I program resulted in determining the viability of 
the proposed ECM technology towards the shaping of titanium based alloys. This 
investigation will facilitate ready upgrading of current technology to improve performance 
obtain towards the ECM of titanium alloys. This will provide a significant advance in the 
ECM processing of titanium alloys used in Navy aircraft engines. 

III.  WORK PERFORMED AND RESULTS OBTAINED 

This program addressed the development of technology for improving the ECM of 
titanium alloys in novel heterogeneous aqueous electrolytes. The approach utilized suspended 
dispersions of conductive particles within the aqueous electrolyte to extend the cathode tool 
into close proximity to the titanium alloy anode workpiece being subjected to ECM. This 
resulted in both lowering the required operating voltage and facilitated greater precision. 
The intrinsic advantages of the subject heterogeneous electrolytes for ECM may be illustrated 
by reference to Figure 2 which schematically compares the relative effect of using 
homogeneous (2A) and heterogeneous (2B) aqueous electrolytes towards achieving geometric 
tolerance. 

Voltammetry measurements on the subject titanium alloys were initially performed 
in the presence and absence of electronically conducting particles dispersed within selected 
aqueous electrolytes. Following identification of preferred electrochemical conditions for the 
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Figure 2.       Schematic comparison of electrochemical machining using A) a 
homogeneous exclusively ionic conducting aqueous electrolyte and 
B) a heterogeneous mixed ionic and electronic conducting aqueous 
electrolyte, for the machining of titanium alloys used in Navy 
aircraft engines. Higher rates, precision, and lower effective ECM 
operating power requirements have were found using the latter 
heterogeneous electrolyte strategy where electronically conducting 
particles facilitate extending the cathode into close proximity to the 
titanium alloy anode workpiece. 

processing of titanium alloys, electrochemical machining hardware was designed and 
incorporated into a precision lathe with automatic axial drive used to perform 
electrochemical machining on the subject titanium alloys. This hardware permitted 
continuous tool (cathode) feed towards the titanium workpiece at a controlled rate. In fully 
mature technology a feedback controlled tool movement based upon the titanium alloy 
workpiece-tool operating voltage will be incorporated. 

This experimental program was performed by completing the following three tasks: 

Task 1 Preparation of Anodes, Microparticles, and Preliminary ECM of Titanium 
Alloys 

Task 2 Fabrication of and Performance Improvement to Cell for Electrochemical 
Machining 

Task 3 Electrochemical Machining of Small Diameter Holes in Titanium Alloy 
Coupons 

Work performed during Phase I in each of these three tasks will now be discussed. 
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Task 1 Preparation of Anodes, Microparticles, and Preliminary ECM of Titanium 
Alloiys 

The objective of work performed in this task was to prepare titanium and titanium 
alloy metal substrates for initial electrochemical machining in the presence of electronically 
conductive particles dispersed within aqueous electrolytes for enhancing overall ECM 
performance. 

a. Materials Preparation 

Procedures for preparing titanium alloy coupons used in performing preliminary 
ECM in this task involved initially cutting to the desired shape followed by sequentially 
polishing with 120, 360, 600 and 1200 grit SiC. Resulting titanium alloy metal specimens 
were then rinsed with distilled water, followed by degreasing in trichlorethylene vapor. For 
all samples evaluated in this program the current collection configuration to the titanium 
alloy coupon under test provided for both uniformity of current distribution across the anode 
during initial electrochemical measurements and mechanical support. Current collection 
wires (Ni/Cr) were attached by spot welding and isolated from the heterogeneous electrolyte 
by the application of Teflon heat shrink tubing. 

Dispersions of electronically conducting particles in aqueous electrolyte emphasized 
partially graphitized carbon, (XC72R, 30nm), Na zeolite-Y (5//m), and Mn02 (5//m) all of 
which were obtained from commercial sources. We also evaluated the utility of Ag and Ti 
dispersions in aqueous electrolytes for this application. Difficulties however were found in 
satisfactorily maintaining dispersions of these latter particles in aqueous electrolyte due in 
part to their high density compared to the aqueous phase. For the other previously 
discussed particles, suspensions could be satisfactorily maintained by sparging with 
compressed argon. Dispersions of partially graphitized carbon required introduction of the 
dispersant Triton X-100 at concentrations corresponding to 3-5 drops/lOOml of electrolyte. 

To be now discussed is preliminary electrochemistry performed upon Ti, Ti3Al, Ti 
6242, and Ti 6-4 substrates using a conventional three electrode electrochemical cell shown 
in Figure 3. 

b. Voltammetry 

Initial electrochemical experiments consisted of performing Cyclic Voltammograms 
(CV's) on candidate titanium alloys in 3.15M NaBr/1.26NaN03 as a function of volume % 
partially graphitized carbon introduced, under continuous vigorous stirring. The electrolyte 
was selected as a presently preferred composition following conversations between Eltron and 
the GE Jet Engines Division. CV's for Ti (99.6%) in 3.15M NaBr/1.26M NaN03/XC72R are 
shown in Figure 4A as a function of XC72R fraction in the electrolyte. The voltammogram 
for carbon-free electrolyte shows that the metal oxidation wave was followed by that for 
oxygen evolution. Introduction of 35% XC72R into the aqueous electrolyte resulted in an 
almost four-fold increase in titanium oxidation current. Addition of 65vol% XC72R 
apparently resulted in the occurrence of fast and large amplitude oscillations or direct 
electronic short circuiting of sufficient duration to cause current compliance of the 

8 

ELTRON RESEARCH INC. 



Cathode Carbon Rod 

Nichrome Current Collector 

Heat Shrinkable Teflon Tubing- 

Heterogeneous Electrolyte 

Titanium Alloy Coupon Being Machined     % 

g/AgCl Reference Electrode 

Argon Sparge 

Figure 3.       Electrochemical cell for preliminary electrochemical 
machining experiments on titanium alloy substrates. 

instrument to be reached. In contrast to titanium metal, Ti 6-4 demonstrated decreasing 
oxidation current with XC72R fraction, such that a perceptible metal oxidation wave was not 
obtained at 65vol% XC72R. 

Ti 6242, (Figure 4C) like Ti 6-4, demonstrated suppression of metal oxidation current 
with increased XC72R volume concentration. The suppression of oxidation current was 
accompanied by the appearance of a diffusion type wave on the reductive side of the 
voltammogram. This was probably due to either the presence of soluble oxidation reaction 
products in solution, or to catalytic reduction of dissolved oxygen generated during solvent 
breakdown. The most notable feature in Ti3Al (Figure 4D) voltammetry was the apparent 
increase in Ti3Al oxidation current at higher applied anodic potential and XC72R fraction. 

In general, addition of XC72R partially graphitized carbon to the ionically conducting 
electrolyte resulted in enhanced titanium oxidation currents. 

c.        Preliminary Experiments on Electrochemical Machining 

Experiments were again performed using the electrochemical arrangement shown 
above schematically in Figure 3. The electrochemical configuration consisted of a titanium 
alloy anode coupon being subjected to electrochemical machining, a Ag/AgCl reference elec- 
trode in close proximity and a conically pointed carbon rod cathode. The conical point pro- 
vided a uniformly graded potential to the anode surface so that the effect of a continuously 
variable localized current density could be observed for a given titanium metal alloy. This 
was of particular importance in determining the susceptibility of the titanium alloy workpiece 
to any stray dissolution outside the footprint of the cathode of the substrate being 
electrochemically machined. The electrolyte was continuously stirred. 

Preferred aqueous electrolytes for promoting the electrochemical removal of a given 
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Figure 4. Cyclic voltammograms for A) Ti (99%), B) Ti 6-4, C) Ti 6242, and D) 
Ti3Al, in 3.15M NaBr/1.26M NaN03, as a function of XC72R volume 
fraction. 
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titanium anode material were initially evaluated in this electrochemical configuration in the 
absence of conducting particles. Preferred aqueous electrolytes found to minimize surface 
passivation effects during electrochemical material removal included 3.15M NaBr/1.26M 
NaN03, and IM NaCl. Representative results for titanium oxidation efficiency and 
dimensional control as a function of XC72R dispersion in NaCl is shown in Figure 5. 
Material removal and cut dispersion (dimensional control) data are presented in Table 1. 
Cut dispersion was defined as the diameter of the primary anodically dissolved region (as 
distinguished from stray pitting). Optimum cut geometric tolerance was observed above 
25vol% XC72R dispersed within the aqueous electrolyte. Photographs of titanium alloy 
coupons subjected to these experiments are presented in Figure 6 which illustrate features 
represented by the cut dispersion plot in Figure 5 - namely the tendency for cuts made with 
volume concentrations of greater than 25% XC72R to focus with increasing carbon 
concentration. In general shape resolution was improved by the addition of XC72R into the 
aqueous electrolyte. Cathode features were not visible in these cuts. However, cut focussing 
obtained with increasing carbon concentration can be regarded as improvement in lateral 
shape resolution. 

Experimental completion of this task resulted in gaining insight into those het- 
erogeneous electrolytes and electrochemical operating conditions leading to higher ECM rates 
and inhibition of stray dissolution for the subject titanium alloys using a conventional three 
electrode cell arrangement where the influence of flowing heterogeneous electrolyte onto the 
anode workpiece was absent. These findings contributed to the design, fabrication and se- 
lection of operating conditions for a prototype ECM lathe in the next task. 
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Figure 5. Plot of material removal efficiency and cut dispersion for the ECM of titanium 
in IM NaCl as a function of volume percentage graphitized carbon (XC72R) 
introduced into the heterogeneous electrolyte. 
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Figure 6.        Photographs of Ti coupons subjected to electrodissolution with 
conical tip graphite Cathode in IM NaCl as a function of XC72R 
volume concentration. A) 0%, B) 15%, C) 25%, and D) 45% XC72R. 
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Task 2 Fabrication of and Performance Improvement to Cell for Electrochemical 
Machining 

The objective of work performed in this task was to design and fabricate a prototype 
ECM lathe, a schematic of which is shown in Figure 7. This prototype ECM lathe contained 
several key components, including 1) an anode-cathode chamber, 2) a power supply, 3) a 
pressure vessel for delivering heterogeneous electrolyte via a hole in the cathode (tool) to the 
titanium alloy anode being machined, and 4) a means of translating the cathode relative to 
the anode. 

Specifically the ECM lathe incorporated a 20A, 55V power supply (Kepco), interfaced 
to a computer for collection of current and voltage data. The anode consisted of the titanium 
alloy of interest which was mounted on a polycarbonate holder. The cathode was either a 
W(72%)/Cu(28%) tube with 3.15mm o.d. and 0.85mm i.d. or a copper tube with 3.2mm o.d. 
and 1.65mm i.d. The electrolyte/particle slurry was delivered from a stainless steel vessel 
of volume of 4 liters pressurized with compressed air and mediated through stainless steel 
tubing connected to the cathode through Teflon tubing to give the assembly flexibility during 
translation. The ECM region apparatus was enclosed in a polycarbonate shield and contained 
a Viton A seal supported on a polycarbonate disk. The splash shield assembly was supported 

100 PSI 
PRESSURE 
VESSEL 

PUMP 
(W3) 

AUTOMATIC/[1 
LINEAR 

PRECISION 
FEED 

Figure 7.       Schematic of bench scale apparatus designed and fabricated during Phase I for 
electrochemically drilling holes into titanium and titanium alloys. 
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by a number of threaded tie rods. The cathode assembly was supported on a stepper motor 
(Superior Electric Slo-Syn indexer and stepper motor SP 155-A-6209) driven translational 
stage. Photographs of this prototype lathe are shown respectively in Figures 8 and 9. 

a) Preliminary ECM Results in the Absence of Heterogeneous Dispersants Within the 
Aqueous Electrolyte 

Preliminary experimental measurements performed using this ECM lathe in the 
absence of dispersed particles within the ionically conducting aqueous electrolyte (flow rate 
7ml/sec) are summarized in Table 2. Coupons of Ti, Ti 6-4, and Ti 6242 were subjected to 
hole boring in electrolytes possessing the respective compositions IM NaCl and 1.05M 
NaBr/0.42M NaN03. Conditions of stationary and moving cathode were employed in 
separate experiments and the dependence of ECM on drilling speed examined. For titanium 
metal removal in IM NaCl, where the initial interelectrode spacing was 400 microns, 
translation of the cathode (0.0017mm/sec) towards the anode was not found to enhance 
material removal rate when the cathode was stationary. This was a consequence of the 
relatively large interelectrode spacing initially selected. Shape resolution was less defined 
when using a translating cathode again because of this large interelectrode spacing. Using 
1.05M NaBr/0.42M NaN03, material removed from a titanium coupon increased from 
1.343 x 10"g/C with a stationary bit to 1.390 x 10lg/C at 0.0015mm/sec, followed by a 
decrease to 1.377 x 10^g/C at 0.002mm/sec. (Coupons 17-20 in Table 2). 

In the case of the ECM Ti 6-4 in IM NaCl, a cathode tool speed of 0.0026mm/sec 
produced greater material removal (1.269 x 10"4 g/C) rates than did a stationary bit 
(1.13 x 10" g/C). The loss of shape resolution (i.e. increased cut diameter and reduced cut 
depth) was not severe. In 1.05M NaBr/0.42 M NaN03, material removal was again higher 
(1.382 x 10"g/C vs. 1.353 x 10" g/C) with moving (0.0026mm/sec) as opposed to a stationary 
cathode. The ECM of Ti 6242 in 1.05M NaBr/0.42M NaN03 did not appear to be 
significantly influenced by cathode translational speed. 

Data for the alloy 76%Ti-15%V-3%Sn-3%Cr-3%Al (coupons 2-13) using anode- 
cathode spacings varying from 48 to 1000 microns showed that smaller cut diameters (better 
shape resolution) were obtained with translating (of 0.0027mm/sec) as opposed to a stationary 
cathode. Cut diameters were uniformly smaller for the translating cathode than for a 
stationary cathode. In the case of this alloy, this improvement is apparently due to the 
overall lower and constant resistance obtained with the translating cathode. 

In the absence of heterogeneous particles within the aqueous electrolyte, preliminary 
experiments using this one axis ECM lathe showed that some dependence of material removal 
on drilling speed was obtained, but that shape resolution was lost as the bit was advanced 
into the cut (in the case of NaBr/NaNOa). Material removal was not significantly different 
between NaCl and NaBr/NaN03 electrolytes. However, NaCl demonstrated a favorable effect 
on maintaining or improving shape resolution when a translating cathode was utilized. 

b) Implementation of Experimental Design for ECM in Heterogeneous Electrolytes 

The influence of experimental variables on the ECM of titanium alloys was assessed 
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Figure 8.        Photograph of prototype ECM lathe fabricated at Eltron 
incorporating a stepper motor driven translational stage. 

Figure 9.        Photograph of overall ECM lathe assembly used during performance 
of Phase I for the machining of titanium alloys. 
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as a function of heterogeneous electrolyte composition. An experimental design consisted of 
a matrix of experiments of which various combinations of variables were performed to 
determine the influence of these variables on the experimental outcome. Instead of using 
a factorial design as originally planned, which would have required 22N1 (where N = 
number of experimental variables) experiments for a half-factorial design, a Plackett- 
Burman19 design was utilized. In this statistical design, N-l experimental variables permitted 
us to determine their relative influence upon experimental results in only N experiments. 
During the course of this Phase I program, eleven experimental variables were identified as 
shown in Table 3, which were anticipated to account for almost all of the experimental 
variance. For the Plackett-Burman approach, only 12 experiments (conducted in replicate) 
were required to determine the relative influence of experimental variables upon ECM 
performance of titanium alloys, absent of any interaction terms. The resulting linear model 
could be represented in the form: 

Y = b1X1 + b2X2 + b3X3 +  + b^ (1) 

where b; were coefficients of the corresponding experimental variables Xs. The design matrix 
employed in this program is presented in Table 3. 

Eleven variables examined in the program corresponded to temperature (Xx), initial 
interelectrode spacing (X2), electrolyte velocity (X3), current density (X4), particle 
concentration (X5), electrolyte type (Xg), electrolyte concentration (X \, particle type (X )„ 
cathode translational speed (X,), titanium designation (X10), and particle size (Xu). 
Independent variables such as electrolyte, particle, and alloy type and dependent variables 
such as the presence or absence of pitting (i.e., those presenting a dilemma) were represented 
by a dummy variable. By a dummy variable we mean, a number assigned arbitrarily to a 
variable which cannot readily be assigned a numerical value. High (+) and low (-) values 
were variables experimentally determined such that they were in accord with experimental 
reasonableness. Results obtained from these designed experiments are presented in Table 
4. 

With this approach mere observation of data could not provide information sufficient 
to draw conclusions about the contribution of each variable to variance in ECM performance 
on selected titanium alloys. Consequently, ANalysis Of VAriance (ANOVA)19 or multiple 
regression analysis was performed. The latter approach (multiple regression) was employed, 
using equation 1 as the model. However, prior to this analysis, data was transformed into 
z-scores, (z) which was defined by dividing the deviation for a variable from its mean value 
by the standard derivation (a;) of that variable as shown in equation 2: 

X ~x _    i      mean //>\ 
Zf  (Z) 

o. 
I 

This z-transformed data (replicate runs averaged) is summarized in Table 5 and was fit to 
the model given by equation 1. Resulting unadjusted and adjusted multiple regression 
corrrelation coefficients are presented in Table 6. 

These coefficients showed that experimental results for ECM were correlated with 
experimental variables in the following order of decreasing strength: mean cell voltage > cut 
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depth > the incidence of pitting > highest cell voltage encountered > material removal rate 
> cut diameter. From this the weakest correlation with ECM experimental variables was 
found for cut dispersion and the strongest being the mean cell voltage. Resulting coefficients 
are presented in ascending order in Table 7 where variables possessing largest magnitudes 
exert most influence upon ECM performance. Particle size was not used in this multiple 
regression analysis. 

Another approach used in this program for determining the relative influence of 
experimental variables upon the ECM of titanium alloys was based upon use of a normal 
probability plot of the regression coefficients shown in Table 7. This was obtained by 
arranging coefficients in ascending order and calculating the normal probability from the 
relationship: 

p =    # of coefficient -V% 

total # of coefficients 

Corresponding normal probability plots for the subject titanium alloys are presented in 
Figure 10 for A) material removal, B) cut depth, C) cut diameter, D) pitting extent, and 
E) mean cell voltage. Consideration of these plots, along with the magnitudes of the 
regression coefficients, led to the following conclusions: 

• Cut diameter and cell voltage were sensitive to the presence of conductive particles 
within the aqueous electrolyte. The highest cell voltage observed had a negative 
coefficient of appreciable magnitude relative to other coefficients (i.e. an increasing 
concentration of particles tended to reduce cell voltage for ECM). XC72R tended to 
reduce cell voltage far more than Mn02. 

• Particle concentration had a very substantial effect on pitting: increasing the 
concentration of particles lowered the tendency to pit. Only workpiece composition 
had a larger effect on pitting tendency. Mn02 tended to suppress pitting to a greater 
extent than XC72R. 

• Material removal and cut shape (depth and diameter) were most influenced by current 
density (i.e., the current density coefficient in equation 1 was largest). Material 
removal per unit charge was actually greater for lower current density. Cut depth and 
diameter were both increased with increasing current density. 

• Pitting was most sensitive to the alloy type (e.g. the presence of Al, Mo, Zr, and Sn 
in Ti-6242 caused an increased propensity to pit). 

• Cell voltage was most sensitive to anode-cathode gap: larger gaps, as expected 
produced higher cell voltages. 

In addition to regression coefficients, magnitudes for outlying points on normal 
probability plots suggested that only current density, in the case of cut shape, and alloy type 
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A) 

Material Removal 
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Figure 10.     Normal probability plot for multiple regression coefficients obtained from 
Plackett-Burman experiments for A) material removal and B) cut depth. 
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Figure 10, Cont'd.   Normal probability plot for multiple regression coefficients obtained 
from Plackett-Burman experiments for C) cut diameter and D) 
pitting. 
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Figure 10, Cont'd. Normal probability plot for multiple regression coefficients obtained 
from Plackett-Burman experiments for E) mean cell voltage. 

in the case of pitting, were substantially more influential than other factors. Consequently, 
in combination with the sensitivity analysis described above, results obtained were very 
helpful in determining subsequent experiments. Under conditions of defined anode-cathode 
gap these suggested experiments addressed during Phase I included 1) dependence of pitting, 
cell voltage, as well as other experimentally measurable quantities on concentration of 
particles XC72R (with or without heat treatment), Mn02, Na zeolite-Y, and Ti metal 
dispersed within the aqueous electrolyte, 2) dependence of results on the type of alloy for 
each of the aforementioned particles, and 3) dependence of results on current density for 
each alloy-particle composition. 

In overall conclusion to this experimental design, it may be said that 1) the Plackett- 
Burman design was found effective in determining the most influential variables among those 
sufficient to account for all experimental variance, 2) current density, alloy particle type and 
concentration were found variables exerting the most influence on ECM (as defined 
respectively by material removal, cut depth and particle diameter, occurrence of pitting, and 
cell voltage), and 3) alloy type, particle type, and particle concentration were selected as 
being variables to be subsequently examined during performance of this program. 

To test the effect of adding alloying elements on the ECM properties of titanium alloys 
examined, the ECM of pure (99.6% Ti) was examined using the same particulate additives 
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as for Ti 6242 and Ti 6-4. Data for this material using untreated XC72R is given in Figure 
11. In this case, the cell voltage decreased markedly between 15 and 35% XC72R followed 
by an increase above the particle-free voltage. The material removal increased with addition 
of untreated XC72R to a value as much as 25% greater than the particle-free case. The cut 
dispersion and degree of pitting was also markedly reduced. In fact, at 35vol% XC72R and 
above both diameter of the pit-affected area and the number of pits decreased substantially. 
At 65vol% XC72R, the cut was strongly focused about the tip of the conical cathode. All of 
these effects appeared to be greater for Ti than for Ti 6-4 or Ti 6242. These effects are shown 
photographically in Figure 12. The addition of carbon resulted in increased roughness 
(poorer surface finish), as demonstrated by Scamiing Electron Micrographs. Roughness 
features of the order of 10/zm within the center of the cut were obtained with 65vol% XC72R, 
considerably greater than the -lyum surface features obtained in the absence of carbon. 
However, in the latter case (absent XC72R), preferential grain boundary exposure 
(intergranular attack) was evident. 

Similar effects, as obtained with untreated XC72R, were obtained with XC72R after 
heat treated at 500°C. This data is presented in Figure 13. Again, this data shows significant 
reductions in cut dispersion, extent of pitting, and required ECM cell voltage. However, less 
enhancement of material removal was obtained. 

Photographs of coupons subjected to these experiments are presented in Figure 14. 
In contrast to cuts obtained with untreated XC72R, those using heat treated XC72R 
produced even less pitting, as is evident from the photographs. This is apparently associated 
with the lower oxygen scavenging capability of the heat treated carbon. 

The use of oxidic additives was found to impart far less in the way of favorable 
characteristics to ECM than did carbon in its initial or surface oxidized forms. Data for the 
ECM of Ti in aqueous electrolyte containing Na zeolite-Y and Mn02 are presented in Figures 
15 and 16, respectively. 

In either case, cell voltage was increased, but more extensively with Mn02. However, 
material removal was significantly enhanced in both cases. Cut diameter demonstrated an 
overall decrease with particle concentration. However, in marked contrast to the use of 
XC72R carbon the extent of pitting was markedly enhanced. 

Ti 6-4(90%Ti/6%AI/4%V) was examined using the same protocol as employed for Ti 
6242. Data for the ECM of Ti 6-4 in the presence of Na zeolite-Y is presented in Figure 17. 
In contrast to Ti 6242, Ti 6-4 exhibited much less dependence of cell voltage upon zeolite 
concentration within the aqueous electrolyte. Conversely, cut focusing was more pronounced 
in Ti 6-4. The degree of pitting was actually substantially reduced over that obtained with 
Ti 6242. Unlike Ti 6242, Ti 6-4 displayed overall material removal enhancement as a function 
of increased Na zeolite-Y concentrations. 

Data for the ECM of Ti 6-4 in aqueous electrolyte incorporating heat treated XC72R 
is presented in Figure 18. This resulted in substantial reduction in cell voltage without a 
commensurate reduction in material removal, which was rather uniform with added XC72R 
concentration. Cut dispersion reached a minimum at 45vol% XC72R. Above 25% XC72R, 
the extent of pitting was markedly diminished. These results tend to suggest that the presence 
of Zr or Mo (as in Ti 6242) caused the formation of an insulating, passive film. 
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Figure 11.     Material removal, cut dispersion, and cell voltage data for the ECM of Ti 
using untreated XC72R particles.  Aqueous electrolyte: 3.15M NaBr/1.26M 
NaN03. 
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Material removal, cut dispersion, and cell voltage data for the ECM of Ti 
using heat treated (at 500°C) XC72R particles. Aqueous electrolyte: 3.15M 
NaBr/1.26M NaN03. 
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Figure 14. Photographs of Ti coupons subjected to electrodissolution in 3.15M 
NaBr/1.26M NaN03 with A) 0%, B) 15%, C) 25%, D) 35%, E) 55%, 
and F) 65% (by volume) XC72R (heat treated in air at 500°C). 
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Figure 15.     Material removal, cut dispersion, and cell voltage data for the ECM of Ti 
using Na zeolite-Y particles. Aqueous electrolyte: 3.15M NaBr/1.26M NaN03. 

34 

ELTRON RESEARCH INC. 



■*-> 

O 

3.0E-5 - 

O.OEO 

•      Material Removal 
a       Cut Dispersion 

6 9 
Mn02 Conc.(Vol%) 

12 

i 0.6 

0.5 

0.4 

c 
o 
CO 

O.j 
OL 
<n 
Q 

0.7 ^-« 
-3 
O 

0.1 

15 
0.0 

B) 
17.0 r 

16.5 - 

o 
■*-> 

o 
> 

"03 
o 

16.0 - 

15.5 

15.0 
6 9 

Mn02 Conc.(Voi7.) 
12 15 

Figure 16.     Material removal, cut dispersion, and cell voltage data for the ECM of Ti 
using Mn02 particles. Aqueous electrolyte: 3.15M NaBr/1.26M NaN03. 

35 

ELTRON RESEARCH INC. 



A): 
1.5E-4 

^1.2E-4 
O 
\ 

59.0E-5 
o 
£ 

(T 
Ö6.OE-5 
"C 

<D 
■*-• 

O 

3.0E-5 

O.OEO 

£1\ 

<\ 

»      Material Removal 
a      Cut Dispersion 

\ 

^e s* 

-e- 

i      '     1 j i_ 

10 20 30 40 50 60 
NaZeolite-YConc.(Vol%) 

70 

0.4 

o 
0.3     "c 

o 
'0 

a. 
0.2  g 

a 
0.1 

80 
0.0 

B) 

10 20 30 40 50 60 
NaZeolite-YConc.(Vol.7.) 

80 

Figure 17.      Material removal, cut dispersion, and cell voltage data for the ECM of Ti 6-4 
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Data for the ECM of Ti 6-4 using untreated XC72R is given in Figure 19. As was the 
case with heat treated XC72R, untreated carbon produced significant reduction in the 
operating cell voltage, with a minimum being observed at 45voI% where cut dispersion was 
at a minimum. Stray pitting was apparently also minimal at this concentration. 

The addition of increasing amounts of manganese dioxide to the electrolyte resulted 
in a gradual increase in cut diffuseness, while the operating voltage was reduced. This data 
is shown in Figure 20. At 12.5% Mn02, the cut was over a substantial portion of the coupon 
surface. This is in marked contrast to the cases with XC72R and zeolite, and may be a 
particle size effect, as the particles in this case were rather coarse. 

Using this approach the ECM of Ti 6242 is shown in Figure 21. This data shows a 
minimum in cut diameter at between 7.5 and 12.5vol% Mn02. Material removal was at its 
maximum in the absence of particles and at an intermediate particle concentration (10vol%). 
The overall cell voltage actually increased with concentration of added Mn02. The number 
of pits diminished with the addition of Mn02 above 2.5vol%. 

Data relating to the ECM of Ti 6242 using XC72R is presented in Figure 22. Using 
heat treated Vulcan XC72R, material removal was found to first decrease to a minimum at 
about 15-25voI% XC72R, followed by a gradual increase. Cut dispersion decreased rapidly 
with added XC72R, while the final cell voltage increased to a plateau. Pitting was 
significantly diminished when using the heterogeneous electrolyte compared to homogeneous 
electrolytes. 

Data obtained by ECM using untreated XC72R gave the results presented in Figure 
23. A particularly interesting feature is that this data demonstrated dependence on particle 
concentration, non-montonic where significant reductions in operating voltage were found 
at 25% and 60% XC72R. Compared with heat treated XC72R, cell voltage demonstrated 
a stronger dependence upon cell voltage. The extent of pitting decreased on going from 0 to 
25vol% XC72R. 

Figure 24 shows data obtained for the ECM of Ti 6242 using Na zeolite-Y. This data 
showed that decreased cut dispersion occurred, but with more substantial pitting as zeolite 
concentration was increased. Material removal was quite uniform over the entire particle 
concentration regime. As expected, the cell voltage increased with increasing zeolite 
concentration because this dispersant was not an electronic conductor. 

Following completion of these designed experiments, the dependence of ECM 
properties and characteristics on particle type, particle concentration, and alloy composition 
were examined using the conically tipped graphite electrode under nonflowing electrolyte 
conditions, as previously shown in Figure 3. This experimental strategy was found to be 
more effective at determining the effect of current density and field strength on ECM because 
of a more clearly defined cathode tool shape compared to the ECM lathe. . 

In summary, titanium metal appeared to be highly susceptible to ECM enhancement 
by the addition of XC72R particles. Reduced cell voltage, enhanced material removal, cut 
focusing, and strongly attenuated stray pitting were all obtained with this substrate. Ti 6-4 
was similarly effected, while Ti 6242 demonstrated little material removal enhancement and 
increased cell voltage. These results imply that the addition of the refractory elements Al, 
Mo, and Zr inhibited the amelioration of pitting and the reduction in cell voltage observed 
with Ti and Ti 6-4 under these conditions.   However, ECM of these materials should be 
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using untreated XC72R particles. Aqueous electrolyte: 3.15M NaBr/1.26M 
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enhanced by the addition of more aggressive species (such as Cl~ or F") to the electrolyte. 
This effect was also observed with the ECM of Ti in NaCl versus NaBr/NaN03 electrolyte: 
the former gave no stray pitting, while the latter gave extensive pitting. 

Experimental data obtained during this task using the prototype ECM lathe and 
subsequently performed analyses suggested the most important variables for each material 
and hence, operating conditions to be employed in Task 3. Additionally, determination of 
most influential variables will help focus the course of proposed work during the Phase II 
program. 

Task 3 Electrochemical Machining of Small Diameter Holes in Titanium Alloy Coupons 

Work performed to this time in the program identified preferred conditions for 
electrochemically machining selected titanium alloys. These insights were applied on the 
prototype ECM lathe (Figure 15) for drilling holes in titanium alloy coupons. Preferred 
conditions for the ECM of titanium alloys were found to invariably utilize carbon particles, 
and in particular, XC72R heat treated in air. Carbon particle volume concentrations of 
between 15 and 35% were found to give the best overall performance in terms of material 
removal enhancement cell voltage reduction, reduced stray pitting and focus cut diameter. 
Preferred electrolytes were found to be NaBr or NaBr/NaN03. Smaller anode-cathode gap 
spacings and a translating cathode produced the best shape resolution and lowest steady cell 
voltages. Lower current densities favored higher material removal efficiency, but resulted 
in lower possible feed rates. As the concentrations of metals producing refractory oxides 
(such as Al, Mo, and Zr) within the titanium alloys were increased, there was less tendency 
to give reduced cell voltage and pitting with the addition of particles. 

As a consequence of the above observations, the following conditions were selected for 
the drilling holes into Ti alloy coupons: 25vol% XC72R, 3.15M NaBr/1.26M NaN03, anode- 
cathode gap of 48 microns, electrolyte flow rate of 7ml/sec, current density of 35A/cm2, 
electrolyte temperature of 25°C, and cathode tool translational speed of 0.002mm/sec were 
chosen as variables for the drilling of holes into Ti, Ti 6-4, Ti 6242, and Ti3AI coupons. 
Holes were drilled into Ti, Ti6-4, Ti6242, and Ti3Al in 25% XC72R/3.15M NaBr/1.26M 
NaN03 with other conditions as described in the preceding paragraphs. 

Successful completion of this Phase I program resulted in defining the viability of 
electrochemically machining selected titanium alloys at high rates and with high precision 
using aqueous electrolytes incorporating dispersed conducting microparticles. 

IV.  SUMMARY OF PHASE I RESULTS 

• Cyclic voltammetry measurements performed in heterogeneous electrolytes confirmed 
that both voltage reduction and enhanced titanium oxidation currents resulted from 
the strategy investigated. 

• Experiments performed using a solid graphite cathode and selected heterogeneous 
electrolytes under non-flowing conditions studied showed that, depending on the 
titanium alloy being subjected to ECM, material removal rate and dimensional 
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control were dependent upon the type and concentration of particles dispersed within 
the aqueous electrolyte. 

The electrolytes NaCl, NaBr, NaN03, and NaBr/NaN03 mixtures were examined in 
the absence of particles for each of the titanium alloys studied. NaCl was found to be 
the most aggressive electrolyte, producing highest material removal rates, but 
mixtures of NaBr and NaN03 were found to give the most effective dimensional 
control. 

Experiments designed via the Plackett-Burman design approach, and conducted with 
an ECM lathe showed that virtually all of the variance in ECM results could be 
accounted for using 10 experimental variables and that: 1) stray pitting was most 
sensitive to the alloy type, particle type and concentration, and that pitting was 
reduced by the presence of dispersed particles, 2) material removal and cut shape 
(depth and diameter) were most sensitive to current density, 3) cell voltage was most 
sensitive to anode-cathode gap, but was also sensitive to the type and concentration 
of particles: increasing the concentration of conductive particles tended to lower the 
overall cell voltage, and 4) cut diameter was sensitive to particle type and 
concentration. In conclusion, particle type and concentration were found to exhibit 
significantly favorable contributions to the ECM of titanium alloys. Based on the 
magnitudes of regression coefficients, cut dispersion and stray pitting were most 
affected by the inclusion of dispersed particles within the heterogeneous electrolyte. 

Material removal enhancement was highest for pure titanium (25% over particle-free 
electrolyte) using dispersed XC72R within the heterogeneous electrolyte. Relative rates 
for ECM material removal using XC72R-containing heterogeneous electrolytes was 
found to be Ti > Ti6-4 >Ti 6242. 

The dispersion (width of cut) of material removal when an ECM cut was made using 
a conical (pointed) cathode was found to depend strongly on particle type and 
concentration, and the nature of the anode material. Dispersion was typically 
reduced by the addition of particles, with the exception of ECM of Ti6-4 in the 
presence of Mn02. 

Using graphite cathode under nonflowing conditions, propensity towards stray pitting 
was markedly reduced at intermediate concentrations for all particles studied with the 
exception of Na zeolite-Y. This effect was most substantial for pure titanium using 
XC72R heat treated at 500°C. The ability to ameliorate stray pitting decreased in the 
order XC72R (heat treated) > XC72R (untreated) > Mn02 > Na-zeolite Y. 

The susceptibility of the materials studied to stray pitting increased in the order Ti < 
Ti 6-4 < Ti 6242, pointing to the probable role of Zr and Mo in the formation of pits 
in the latter titanium alloy. 
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• The techniques of electrochemical hole boring, electrochemical grinding, and 
electrochemical machining were represented in the application of both preliminary 
cells and the ECM lathe apparatus. 

• A prototype ECM lathe incorporating a stepper motor driven translation stage was 
implemented during this program. Using this hardware holes were successfully 
drilled into titanium alloys at higher rates than would be anticipated using 
conventional ECM technology. 

V.   ESTIMATE OF TECHNICAL FEASIBILITY 

The phenomena investigated here will eventually, in Phase III, lead to a commercial 
process incorporating preferred heterogeneous electrolytes, and operating conditions for the 
ECM of titanium and selected titanium alloys used in Navy aircraft engines. We anticipate 
that this will lead to production level machinery possessing the general design shown in 
Figure 25 for the processing of turbine components. The ECM machine will consist of 
multiple cathodes each of which possess translational (for linear feed) and rotational (for 
curvature of surfaces) degrees of freedom. The workpiece (anode) - a blisk - will be mounted 
on a hub in the center of the machine. The heterogeneous electrolyte will be delivered via 
flow channels in the cathode towards the anode workpiece. Spent electrolyte will be collected 
in a reservoir at the base of this experimental assembly. A large (up to 30,000A) power 
supply will be used to provide a voltage or current source for machining. 

The machine described above will be incorporated into a closed loop system as shown 
in Figure 26. Spent heterogeneous electrolyte slurries will be filtered, with reintroduction 
of filtered electrolyte. After several cycles, the electrolyte may be spent or found such that 
it may have to be replaced. In this event, a fresh electrolyte vessel will be in place. Filtered 
solid will be transferred to a mixing chamber along with the electrolyte filtrate, and the 
slurry reconstituted. 

Technology features making this approach attractive for commercialization include 
i) a lower required operating voltage ii) control over the lateral extend of cuts, iii) enhanced 
material removal rates, and iv) the ability to focus cuts for enhancing machining precision. 

Phase I results demonstrated cell voltage reductions of the order of a factor of 1.5 
(with Ti). Material removal enhancements of up to 50% (with Ti) were also obtained. Also, 
cuts focused up to a factor of 4 were realized (with Ti and Ti 6242). The use of these results 
in predicting potential improvements can be presented here. From these results estimates 
can be made an anticipated operating cost improvements by applying technology identified 
during performance of Phase I program. For example, with the titanium alloy studied here, 
a decrease in operating cell voltage of from 13V to 7.5V was obtained at a current of 1A 
with an anode-cathode gap spacing of 0.82mm. Typical full size industrial ECM equipment 
operates at 30,000A (about 100A/cm2). For a typical operating voltage of 14V, addition of 
a electronic conducting dispersion into the aqueous electrolyte we project would lower the 
operating voltage of 4V. This represents, for a maximal linear machining rate of 0.9cm/min 
and a turbine blade length of 15cm, about 16-17min. for rough cutting each blade. For a 
turbine with 80 of these airfoils, 1330min will be required for machining of each blisk. This 
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corresponds to 9330kWh per blisk or, at a cost of $0.05/kW-h, about $470/blisk. For 
throughput of 25 blisks/week, a total savings of $12,000/week could be anticipated from ener- 
gy savings alone. However, another very profound effect would be obtained: an improvement 
in dimensional tolerance due to the constancy of the cell voltage arising from the persistent 
conductivity made and resulting in ameliorated Joule heating. 

VI. TOWARDS COMMERCIALIZATION 

A) Commercial Applications 

This technology will find application for the precision ECM of titanium alloy 
components of interest to engine components in Navy aircraft. A particular feature of this 
technology is its applicability to the machining of complex shapes in the absence of stray 
pitting with high precision under significantly lower power requirements than conventional 
ECM technology. Enhanced machining precision is also facilitated by lower electrolyte Joule 
heating. 

In addition to the application of these heterogeneous media to ECM, this technology 
will find application in i) tools possessing the ability to achieve cut dimensional control, ii) 
electrorheological fluids possessing continuously adjustable viscous properties by application 
of an electric field, iii) measurement of fluid transport properties from detected current- 
voltage characteristics, and iv) nanotechnology machining applications. 

The application of dispersed particulates in dielectric media as "smart" fluids would 
be a potentially very broad and profitable market. Such media, incorporated into 
appropriate devices, would find application in electric field controllable shock absorbing, 
vibration damping, mechanical power transmission, selective lubrication, flow control, 
"smart" sealing of leaks, information processing and storage (by means of the capability of 
forming information-containing clusters and fibrous structures of various sizes and shapes), 
nano- and micromachining, electric field control of transport processes in liquid phase 
chemical reactions, and control of chemical species permeation rates through polymer 
membranes as would be necessary in ameliorating the methanol crossover problem in direct 
methanol fuel cells. 

As a consequence technology to emerge in this program would also have broad 
commercial applications beyond ECM. 

B) Patent Status 

A U.S. Patent application on this ECM approach has been filed (August 29, 1995) 
entitled, "Machining by Electrical Removal of Materials Utilizing Dispersions of Insoluble 
Particles", inventor J.H. White, Docket number V95PERI-7. 

C) Uniqueness of the Technology Approach 

The uniqueness of this approach lies in the application of heterogeneous electrolytes 
to the ECM of titanium alloys. This technology recognizes interrelationships between ECM 
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cut dispersion, power consumption and Joule heating in the vicinity of the anode workpiece. 
Furthermore the subject heterogeneous particles are applicable to nonpolar fluids where they 
can introduce ionic and electronic conductivity, even in the absence of nominally ionic 
conducting electrolyte. 

The approach leads to pit-free machining. Another feature of this approach is that 
the electric field applied across the heterogeneous fluid will impose electrorheological effects 
whereby dispersed particles become ordered into fibers or clusters thereby modifying fluid 
transport properties locally within the anode - cathode gap region. This effect facilitates 
achieving greater control over ECM cut tolerances than with conventional ECM. 

D) Markets 

Potential impact of the subject ECM technology can be estimated by considering the 
reduced time required to machine a blank titanium alloy component into an integrally bladed 
rotor (IBR) used in Navy jet engines. Using conventional machining techniques, lOOOhrs of 
machining time are required to produce a finished IBR. Based on experimental performance 
found to this time in the program ECM time would be reduced to 50 hours. Further value 
added would be obtained as a consequence of reduced stray pitting and resulting improved 
machining tolerance. 

A significant market for ECM hardware currently exists. The world market for ECM 
equipment was valued at $90.5 million in 1992, while the U.S. market was $23.4 million. 
Both markets are predicted to grow at 6.1-6.3% per year through 1999 with the world 
market expected to reach $137 million and the U.S. market to $35.9 million by 1999. 
Worldwide, 259 ECM units were sold in 1992 with this predicted to rise 466 units by 1999. 
The average unit price in 1992 was $350,000. Technology being developed in this program 
will be directed towards cooperative agreements with companies already engaged in 
production level ECM. Since ECM is practiced by a relatively small number of companies, 
it is anticipated that a sizeable share (up to 30%) of the market engaged in ECM can be 
captured within five years after implementation. 

E) Anticipated Competition 

There are potentially competitors in both the hardware and process ends of the ECM 
market. Major ECM hardware vendors worldwide include Anocut with a 24.6% market 
share, Surf/Tran (18.9%), Extrude Hone (16.6%), and Chemtool/Dynetics (9.6%). Major end 
users for ECM equipment include aerospace and defense industries, the automotive industry, 
and industrial/electrical machinery and equipment companies. The process will potentially 
impact these hardware manufacturers, since new modalities for carrying out ECM and 
methods of measurement can be anticipated to be developed, leading to new hardware 
implementations. However, as previously indicated. Among potential competitors are Lehr 
Precision, Inc., GE Aircraft Engines (GE), and Pratt and Whitney (PW). It should be 
realized that, in the aforementioned industries, processing via ECM is often done by a 
smaller contracting company. This relationship is illustrated by consideration ofthat between 
Lehr Precision Inc. and respectively GE and PW. In such a situation our competition will 
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not be the larger entity but the smaller manufacturing company lacking R&D and product 
development functions dedicated to ECM. Consequently, commercialization could be looked 
upon as being initiated with the Phase II effort and ending, after completion of Phase III, 
with an implementable process. 

F) Competitive Advantages 

The potential economic advantages of this ECM technology have been previously 
discussed in this document for the fabrication of Navy aircraft engine components and 
resulted in significant energy savings. In addition to this for an 88 or 89 blade rotor, the cost 
of pitting in terms of machining time we expect would be substantial: the operations in the 
above paragraphs comprise less than 50% of the total machining time. The remainder is 
taken up in the finish stages. Although at this point, the feed rate is 2-3 times that during the 
rough cutting stage, the finish cut requires roughly half of the total machining time, due 
essentially to the need to slave, deslave, and reslave turbine blades outside of the cut region. 
Eliminating the occurrence of stray pitting and the resultant need for the reslave/deslave 
cycles could potentially reduce time and costs by about 25-30%. 

The economic benefits to be obtained by employment of the approach can be 
summarized: 

• Effectively extending the cathode into close proximity to the titanium alloy workpiece, 
thereby dramatically lowering the necessary ECM operating voltage by reducing 
interelectrode resistance. 

• Improving shape resolution of the ECM process by the aforementioned extension of 
the cathode into the immediate anode vicinity. 

• Improving dimensional control of components subjected to ECM by reducing Joule 
heating. 

• Facilitating enhanced material removal rates during the ECM of titanium alloys. 

• Ameliorating stray pitting by the elimination of strongly complexing anions from 
solution and their replacement with massive framework anions. 

G) Towards Commercial Production 

As we see it at this time implementation of this technology on the commercial scale 
will be achieved by incorporating the process into currently existing ECM hardware suitably 
modified to accommodate our approach. This will be achieved by formalizing a business 
relationship with a company in the Denver area possessing ECM production capacity. 
Financing for this joint business initiative will come from Venture Capital Investment. We 
anticipate that a separate company, jointly owned by these three parties will be formed, for 
the express purpose of developing and implementation of this technology. 
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The production plan leading to development of ECM hardware, will proceed in the 
following stages: 

• Adapt optimized process operating conditions identified during performance of the 
overall program, incorporating preferred heterogeneous electrolytes, into production 
ECM hardware. 

• From ECM performance on titanium alloys using production scale hardware, an all- 
purpose, full-scale engineering ECM prototype possessing the desired attributes 
necessary for production level work will be designed and fabricated. 

• Using engineering ECM hardware preferred operating parameters will be selected for 
the machining of candidate titanium alloy substrates. 

• Using the data obtained from the engineering prototype, design and fabricate 
equipment, including auxiliary equipment, necessary for the processing of production 
components. 

• Using information derived from operation of the production prototype, develop a set 
of procedures for the ECM of typical components. 

• Develop appropriate quality control (QC) procedures for parts electrochemically 
machined using this technology. 

• Perform production runs to confirm whether design and QC procedures are 
compatible with specifications of finished components. 

• Incorporate hardware into production plant for component fabrication. 

H)     Marketing Plan 

The business opportunity to emerge will be in providing an ECM service to customers 
requiring the machining of complex shapes on titanium alloy components. 

Steps to be followed towards commercializing research results will be: 

• A separate company, jointly owned by Eltron Research, Inc., will be formed directed 
towards providing ECM service for the processing of titanium alloy components. 

• The business relationship between Eltron Research, Inc. and the proposed joint 
venture will simultaneously be negotiated with the above. 

• Perform a thorough market study to identify and assess the markets where application 
of this ECM service technology will most readily find commercial acceptance in the 
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near term. 

• A comprehensive business and financial plan will be developed, focused on the 
identified market. 

• Appropriate brochures and publicity will be initiated towards making this ECM 
capability known to those currently requiring such services for the machining of 
refractory components. 
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